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ABSTRACT

Sliding friction experiments were conducted with lithium fluoride crystals in various
environments. These included air, water, hexadecane without and with various organic
acids, and a paraffinic oil containing oleic acid. Sliding was on the (001) plane in the
[100] direction at a speed of 0.005 millimeter per second and under loads of 5 to 200
grams on a millimeter-diameter sapphire rider which contacted the lithium fluoride flat.
The results indicate that the presence of surfactants influences deformation and fracture
in lithium fluoride. Crystals deform plastically more readily with an adsorbed organic
acid than without it; this is the Rehbinder effect. Friction coefficient was influenced by
the presence of the acid, its chain length, and its concentration.
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AND FRACTURE OF LITHIUM FLUORIDE
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SUMMARY

An investigation was conducted to determine the influence of adsorbed surfactants on
the deformation and friction coefficient of lithium fluoride single crystals in sliding fric-
tion experiments. The experiments were conducted on the (001) plane of lithium fluoride
with sliding restricted to the [100] direction. A 1.6 millimeter-diameter sapphire ball
slid on the crystal surface at a speed of 0. 005 millimeter per second and under loads of
5 to 200 grams. The media in which friction experiments were conducted included air,
water, water with myristic acid, hexadecane, hexadecane containing various organic
acids, paraffinic oil containing oleic acid.

The results of the investigation indicated that plastic deformation is more readily
achieved in the presence of surfactants such as the organic acids than in their absence;
this is the Rehbinder effect. In the absence of organic acids, subsurface fracture cracks
are observed in the zone of maximum subsurface shear stress; in their presence, plas-
ticity is increased, thereby reducing the tendency for fracture. With increase in friction,
fracture cracks are observed to move from subsurface (001) to surface (110) origin.
These results are in agreement with theoretical shear stress considerations where the
combined effects of compressive and tangential stresses are considered. Friction coef-
ficient is influenced by the presence of an organic acid, its chain length, and its concen-
tration.

INTRODUCTION

The concept of the inclusion of additives to lubricants to improve their lubricating
ability dates back many years. Even to this day, however, the mechanisms associated
with additive action are not completely understood in many areas. Much useful informa-
tion might be gained from a more fundamental examination of the influence of additives



on material behavior. It is well known, for example, that the deformation of solids in-
fluences adhesion, friction, and wear. Studies have also indicated that the deformation
behavior of materials is markedly influenced by surface conditions, such as the presence
of surface adsorbed species (refs. 1 to 3).

The first disclosure of this effect was reported in 1928, by Russian researchers (see
summary of this work in ref. 1). While considerable information was generated in this
area by Russian laboratories, particularly by the founder of the concept (Rehbinder and
his associates), little support was given to the concept outside Russia because of the in-
ability of Western researchers to reproduce what came to be known as the '"Rehbinder
effect.'* In recent years, however, the Rehbinder effect has been observed in studies
outside Russia.

The Rehbinder effect has been shown in the deformation of ionic solids such as lith-
ium fluoride and magnesium oxide (refs. 4 to 7). The increase in ductility or ability to
deform plastically in the presence of adsorbed surface species has also been observed in
metals, such as tin (ref. 1), zinc (ref. 8), cadmium (ref. 9) and aluminum (ref. 10). It
also has been observed in germanium and metal carbides (ref. 5).

Reference 1 has shown that the addition of 0. 2 percent oleic acid to a paraffin in-
creased the ductility for tin. If the presence of surface active agents can have a marked
effect on the deformation of solids, the concept is, then, of extreme importance to the
field of lubrication and should be examined.

The objective of this investigation was to explore the influence of surface active
agents on the friction, deformation, and fracture of lithium fluoride crystals in sliding
friction studies. Lithium fluoride was selected as a material to examine for a number of
reasons: (1) its slip and fracture behavior are very well understood, (2) the Rehbinder
effect has been observed with it, (3) fresh, atomically clean surfaces can be prepared by
cleavage, (4) cleavage can be used to study deformation and fracture modes, and (5) its
surface is sensitive to small concentrations of surfactants.

Sliding friction experiments were conducted with a 1. 6-millimeter diameter sap-
phire ball sliding on a (001) plane (cleavage plane) of lithium fluoride. Sliding was re-
stricted to the [100] direction. The sliding speed employed to move the ball across the
surface under various loads from 5 to 200 grams was 0. 005 millimeter per second.
Sliding surfaces were prepared by cleavage in the media in which the experiments were
to be conducted. The media included air, water, water and myristic acid, hexadecane,
hexadecane with various organic acids, as well as a paraffinic oil and the oil containing

oleic acid.



REHBINDER CONCEPT

Rehbinder and coworkers have indicated that, in the presence of surface active
agents, the stress necessary to produce a specific amount of plastic strain is reduced
from that observed in the absence of the surfactant (ref. 1). The explanation given in
reference 1 for this effect is that the surface energy of the interfaces newly formed at
surface defects (ultramicrocracks) is decreased with adsorption. This concept should be
distinguished from the Joffe effect, in which the solid surface defects are removed or re-
duced by dissolution of the solid surface, and the tensile strength is increased because of
defect removal (ref. 11). Here the solid more nearly approaches theoretical strength.
However, some more recent observations of the Joffe effect and their associated inter-
pretations might indicate that the concept may be related to the Rehbinder concept. The
presence of a solvent environment increases material ductility by reducing the ability of
cracks to propagate (refs. 12 and 13).

Alternate, or more definitive, explanations have been put forth for the Rehbinder ef-
fect by others. Gilman, in an observation of the deformation behavior of lithium fluo-
ride, bhad indicated that cross-gliding of screw dislocations is restricted normally by the
frictional resistance of the lattice and the surface energy of the step created with motion
of the screw dislocation. The adsorption of surface active species reduces this surface
energy and thereby extends the mobility of the screw dislocations. Since cross-gliding
can lead to dislocation multiplication during stressing, plastic deformation is therefore
affected.

Westwood has suggested an alternate mechanism to explain the Rehbinder effect.

The adsorption of polar molecules will occur at active or high energy surface sites such
as those associated with the emergence of dislocations. The adsorbed polar molecule
will then hinder dislocation motion by a pinning action. This restraining effect has been
called ''adsorption locking.'" With the Westwood theory, the presence of adsorbed mole-
cules should result in an initial increase in yield stress because of the ''locking'' effect.
This has been observed by Westwood (ref. 4). The initial increase is, however, usually
followed by a decrease in stress for a given sirain. The stress is then what is observed
in agreement with the normal Rehbinder effect. None of the mechanisms proposed to ex-
plain the Rehbinder effect are completely satisfactory at this time.

MATERIALS

The only impurity detected spectrographically in the lithium fluoride crystals was a
few parts per million of magnesium. The crystals contained subboundaries in which the
average dislocation density was 5X10” per square centimeter.



The crystals were etched for dislocations with a solution of 1 part hydrofluoric acid
(HF), 1 part acetic acid, and 1079 part ferric chloride (FeClg). This etchant is the
same as that used in the investigation of reference 12. The organic acids used were all
reagent grade. The hexadecane was 99 + percent and was free of olefins. The oil was a

straight additive free paraffinic oil.

EXPERIMENTAL PROCEDURE

All the crystals used in this investigation were examined in the as-cleaved condition.
The crystals were cleaved at 20° C (after a 400° C furnace anneal) in an enveloping en-
vironment of the medium in which the crystal was to be investigated in sliding friction
studies. The crystals were cleaved in the medium to provide a clean surface to which
the surfactants could adsorb. When an ionic solid is cleaved, the fresh surface is
covered with a series of positively and negatively charged sites even though the solid is
on the whole electrically neutral. When wear tracks were examined normal to the slid-
ing surface, the crystals were cleaved with a razor blade.

The sliding friction experiments were all made on the (001) plane with sliding in the
[100] direction. Only a single pass was made over the crystal surface; that is, the wear
tracks examined were the result of a single pass of the riders. During the experiments
the crystal surface was always covered with a layer of fluid.

APPARATUS

The apparatus used in this investigation is shown schematically in figure 1, The ap-
paratus consisted basically of a MicroBierbaum hardness tester to which a drive motor
was attached in order to provide uniform motion at 0. 005 millimeter per second of the
crystal specimen under examination.

The rider specimen was a sapphire ball 1. 6 millimeters in diameter which was
locked in a holder. The arm containing the rider had a strain gage assembly for meas-
uring frictional force. The sapphire ball was loaded against the crystal flat by the ap-
plication of dead weights directly over the rider.
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Figure 1. - Sliding friction apparatus.



Figure 3. - Dislocation band developed by dropping a 1.6-millimeter sapphire ball
on lithium fluoride (001).




RESULTS AND DISCUSSION

The sliding friction experiments of this investigation were all made on the (001)
plane of a lithium fluoride crystal with sliding restricted to the [100] direction, as shown
in figure 2. The lithium fluoride crystals were etch pitted with the etchant described in
the MATERIALS section. If the sapphire ball used as a rider in these experiments was
raised above the crystal surface, while in the retaining arm, and allowed to fall and
strike the crystal surface, a pattern of etch pits, as shown in figure 3, was obtained.
Edge dislocation bands develop on the surface along the {(110) slip directions, while
screw dislocation bands develop in the (100) directions. Similar observations of the de-
velopment of '"bands'' on crystal surfaces are shown in reference 14.

FRICTION EXPERIMENTS IN AIR

The sapphire ball was slid across a freshly cleaved lithium fluoride crystal in air.
The specimen was then cleaved normal to the sliding track and subsequently etch pitted.
The subsurface deformations and the development of cleavage cracks is shown in fig-
ure 4(a). Examination of figure 4(a) reveals that slip has taken place along the {011}
and {101} sets of planes. Since these are the slip planes, plastic deformation might be
expected to occur in such a fashion. In addition to the slip bands, cleavage cracks de-
veloped along the {011} slip bands and appear to have their origin at the crystal sur-
face. Cracks can form the intersection of {110} slip planes according to the equation
indicated in reference 15:

1 1 1
= a[011] + = af101] = = a[110]
5 4011]+ Zaf 5 L

The cracks formed at or near the surface are discussed in greater detail with refer-
ence to experiments in oil. It is important to note at this point that the lithium fluoride
will deform plastically as well as develop brittle cracks along the {110} slip bands.
Similar cracks have been observed in references 16 and 17 in air sliding experiments.
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Figure 4, - Cross section of wear tracks on lithium fluoride in sliding friction experiments, Load, 200 grams; rider, 1.6~millimeter-diameter sapphire ball; temperature, 20° C;
stiding velocity, 0,005 millimeter per second; hall made a single pass across surface covered with three different media: air, water, and water with myristic acid,




FRICTION EXPERIMENTS IN WATER

Crystals of lithium fluoride were next cleaved in water, and friction experiments
were conducted with water present on the crystal surface. The crystals were then
cleaved normal to the wear track and etched. The track subsurface deformation is shown
in figure 4(b). It is of interest to note that, while slip bands are evident from the dislo-
cation etch pits along the (110) plane, a subsurface crack has formed in the crystal.

This crack lies in a (001) plane. In air (fig. 4(a)), the cracks formed at the surface
along (110) planes. Cleavage cracks of both types have been observed in lithium fluoride
and magnesium oxide, another ionic solid with the sodium chloride structure. With
plastic deformation of lithium fluoride, cracks can develop along a (100) plane with the
intersection of {110} slip bands in accordance with the equation (from refs. 18 and 19)

L ar1107+ L a[170] ~ a[100]
2 2

In compression loading, cracks were also observed (ref. 20) at the intersection of
(110) slip planes, but the cracks were formed along (100) planes parallel to the compres-
sion axis rather than along cleavage planes normal to the compression axis, as shown
in figure 4(b). The cracks shown in figure 4(b) were the result of both compressive and
tangential force.

Figure 5(a) shows the development of a cleavage crack at the intersection of (110)
slip bands with the formation of a crack at the point of pileup of dislocations. The glide
dislocations then move to the crack and form cavity dislocations. The cavity or crack
thus formed will grow along the cleavage plane,

Although lithium fluoride is a semibrittle ionic solid, it is of interest to examine the
formation of a crack in a brittle material such as glass where the Griffith theory may be
considered (ref. 21). The sketch of figure 5(b) shows a crack in a brittle material. For
a brittle material, the crack and its relation to applied stress is expressed by a modi-
fied Griffith equation as

1/2
g = _Z_E:_Y.E (1)
7C
where
(o) applied stress
v% surface energy

C crack length
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Figure 5. - Development of subsurface cleavage crack in lithium fiuoride during sliding friction experiments. Load, 200 grams; rider,
1. 6-millimeter-diameter sapphire ball; temperature, 20° C; sliding velocity, 0.005 millimeter per second; ball made a single pass;

medium water,
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E modulus of elasticity
P Poisson's ratio

When a material has some ductility, the elastic energy may be absorbed in plastic
deformation near the crack tip and the equation becomes

1/2
op: 2E<HJE> /

7C
where
P energy absorbed in plastic deformation
ap stress necessary for crack formation in the presence of plastic deformation

When p is very large in relation to v, this equation may be reduced to
1/2
g = Z_.Ep..
p 7C

Thus, the greater the amount of energy absorbed by plastic deformation, the higher
is the stress normally required to develop crack growth. If the appropriate values for
lithium fluoride are substituted in equation (1), the actual crack length in figure 5(c) is
1/40 of the crack length predicted from equation (1). The energy which might otherwise
be absorbed in crack growth is absorbed by plastic deformation of the lithium fluoride
(fig. 5(c)). The crack of figure 5(c) is near the point of maximum subsurface shear
stress which can be calculated from the equation for such stress.

In regard to the possible operation of cross slip in lithium fluoride, it was shown
(ref. 20) that cross slip in lithium fluoride is extremely difficult. The screw disloca-
tions of (110) planes must glide onto (100) planes. It is very difficult for screw disloca-
tions to move on the (100) planes. Reference 22 indicates that the flow stress is 15 times
higher for the {100} planes than for the {110} planes. Thus, cross slip could not be
expected to occur on {100} planes until this flow stress ratio of 15 is exceeded. In
general, the cleavage or fracture stress is reached before extensive cross slip can be-
come operable, and the consequence is shown in figure 5(c).

A5, 0><10'6 N (normal) solution of myristic acid was used in a sliding friction ex-
periment. Examination of figure 4(c) indicates that, in the presence of the acid, there
was no evidence of a subsurface crack, as shown in figure 4(b). Note, however, in fig-
ure 4(c) that the depth to which the (011) slip bands extend subsurface is appreciably
greater. Thus, a greater degree of plasticity appears to exist in the presence of the
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myristic acid. The energy associated with the sliding process appears to have been ab-
sorbed completely in plastic behavior. In air and water, however, under the same
stress, fracture occurs in addition to plastic behavior.

The presence of water as a solvent can have an effect on the surface behavior of
myristic acid. For example, growth of dislocation tracks has been observed with my-
ristic acid in water (ref. 4). When, however, that same acid was in hexadecane, no in-

crease in track length was observed.

FRICTION EXPERIMENTS IN HEXADECANE WITH ACIDS

In the examination of the influence of surface active media on the deformation be-
havior of materials, two of the acids used by Rehbinder and his coworkers were stearic
and oleic in straight chain hydrocarbon solvents. Some sliding friction experiments
were therefore conducted with these same two acids in hexadecane. The widths of the

L]
Hexadecane and — -
6x1073 N stearic acid—~

.25 l

)Axade'cane and

6x1073 N oleic

d acid /
el e A%

M

Width of deformation track, mm

15 A
| S e
- Hexadecane
0 = P 1
0 5 10 15 20 25

Load, g

Figure 6. - Plastic deformation of lithium fiuoride in
sliding friction experiments with presence of
various fluids at surface. Rider, 1.6-millimeter-
diameter sapphire ball; temperature, 20° C;
stiding velocity, 0.005 millimeter per second.

surface wear tracks, as determined by dislocation etch pittings, are plotted in figure 6
for light loads. The track was wider in the presence of the acids.

Section of track normal to the sliding surface at loads of 5, 10, and 15 grams are
shown in figure 7. At a load of 5 grams, a row of etch pits appears subsurface and par-
allel to the surface itself. These etch pits are from (101) slip planes. At 10 and 15
grams, the etch pits are most visible along the (013) slip planes. The (011) slip ap-
peared the most visible at loads from 10 to 150 grams. At 200 grams, (101) slip bands
were again visible.
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(a) Load, 5 grams.
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(b} Load, 10 grams. {c) Load, 15 grams.

Figure 7. - Photomicrographs of surficial plastic deformation in lithium fluoride from friction experiments in hexadecane, Rider, 1.6-millimeter-
diameter sapphire ball; temperature, 20° C; sliding velocity, 0.005 millimeter per second. Areas under study are encircled. Lithium fluoride
crystals cleaved before experiments in hexadecane.



Sliding experiments with various acids (including stearic) in hexadecane showed the
same track widths as experiments with hexadecane only (fig. 8). The friction coefficient
showed a marked difference, however, between hexadecane and hexadecane with stearic
acid (fig. 8). This deviation from Amonton's law has been discussed in reference to dry
sliding studies with lithium fluoride (ref. 16). The coefficient of friction in the presence
of stearic acid is, however, relatively constant over the entire range of loads examined.
The friction coefficient is very good evidence, then, for the adsorption of stearic acid
from the solvent hexadecane onto the lithium fluoride surface. With metals, metallic
soaps are usually formed in combination with the acid. With lithium fluoride, this is
not possible.

The depth of the subsurface deformation at loads from 25 to 200 grams was greater
in the presence of stearic acid than in its absence even though the track width in figure 8
was essentially the same. Furthermore, at 200 grams, surface cracks developed in
hexadecane but such cracks did not appear in the presence of stearic acid.

In order to determine the extent of the effect observed with the organic acids, simi-
lar deformation experiments at loads from 25 to 200 grams were conducted in the pres-
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Figure 8. - Effect of load on coefficient of friction and deformation of
lithium fluoride crystals in various fluids during siiding friction
experiments.
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ence of myristic, lauric, and caprylic acids in the same concentration as used in the
stearic acid experiments. The results obtained are also shown in figure 8. Again, for
these acids, the track width did not deviate from that observed in hexadecane alone.
The track depth subsurface was greater in the presence of each acid than it was in pure
hexadecane. With none of the acids was there evidence of surface or subsurface cracks
at a 200-gram load.

With deformation of a surface, dislocation loops grow on (101) planes, and etch
pitting will reveal the terminal points of the dislocations. The presence of dislocation
loops along the wear track at 25 grams is evident in the photograph of the etch-pitted
surface in figure 9. The surface was covered with a film of stearic acid in hexadecane.

: P v
T 7 %

. ¥
R Eten pits indic

<

ative of

4c-68-1524

Figure 9. - Development of dislocations in sliding process on lithium fluoride crystals.
Load, 25 grams; temperature, 20° C; sliding velocity, 0.005 millimeter per second;
medium, 6x10~3 N stearic acid in hexadecane,
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The mechanism of the dislocation motion with applied stresses for lithium fluoride is
discussed in detail in reference 14.

With stearic acid in hexadecane at a load of 200 grams, (ﬁO) slip bands were ob-
served in the wear path of the lithium fluoride crystal. These bands were observed at a
stearic acid concentration of 6><10-3 N. Close inspection of the wear tracks will also re-
veal the presence of (101) slip lines in the track proper.

The development of orthogonal slip bands has been observed in the plastic deforma-
tion of lithium fluoride. Orthogonal slip bands were observed in the course of the sliding
friction experiments of this investigation. In figure 10, these slip bands are present in
the wear track developed in sliding under a 200-gram load in an environment of 6x10"° N

Figure 10. - Development of orthogonal slip bands in sliding process on lithium fluoride
crystals, Load, 200 grams; rider, 1.6-millimeter-diameter sapphire ball; temperature,
20° C; sliding vefocity, 0.005 millimeter per second; medium, 6x10-3 N stearic acid in

hexadecane.
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stearic acid in hexadecane. The slip plane involved in the developmént of these loads is
shown schematically in figure 10 above the photomicrograph of the wear track after etch
pitting.

It has been shown that the effect of surface active agents on the deformation process
is markedly influenced by the concentration of surfactant (refs. 1to 4). For example,
with tin crystals, it was shown (ref. 1) that the maximum increase in plasticity for oleic
acid in octane occurred at a concentration of %1072 N; minor deviations from this con-
centration in either direction resulted in a marked decreased in plastic behavior.

The effect of the concentration of siearic acid in hexadecane was, therefore, ex-
amined in sliding friction experiments with lithium fluoride. The influence of stearic
acid conceniration is shown in figure 11. Decreases in stearic acid concentration below

—N\N—t—0——

.31 ~Pure hexadecane \._.

Coefficient of friction
/EJ

. -
S N |
A\

[} T*EIA—

0 1077 106 107 1074 1073 102 107!
Normality of stearic acid in hexadecane

Figure 11. - Effect of normality of stearic acid in hexadecane on coefficient of
friction of {ithium fluoride during sliding friction experiments. Load,
200 grams; rider, 1.6-millimeter-diameter sapphire ball; temperature,
20° C; sliding velocity, 0.005 millimeter per second.

5. 0x10™°

below 10'5, the friction coefficient was characteristic of that obtained in pure hexa-
decane,

N resulted in a marked increase in friction coefficient. At acid concentrations

The width of the deformation track with decreasing acid concentration was not
markedly affected. With a decrease in acid concentration, however, surface changes did
take place and cleavage or fracture cracks began to develop in the wear track proper.
This effect is shown in figure 12, At an acid normality of 6><10-2 N, the deformation was
completely plastic with no evidence of fracture cracks in the track (fig. 12(a)). No sub-
surface cracks were visible when the specimen was examined normal to the track (i.e.,
on the (100) surface). This complete plastic behavior was also observed at a stearic
acid concentration of 6x10™5 N.

17
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(c) Stearic acid concentration in hexadecane, 6x1070 N.

Figure 12. - Photomicrographs showing development of cleavage cracks on surface of lithium fluoride with reduction of surface active agent during sliding process. Load,

200 grams; temperature, 20° C; sliding velocity, 0.005 millimeter per second.
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When the stearic acid concentration was reduced to 6><10'4 N, cracks began to ap-
pear in the center of the wear track (fig. 12(b)). Thus, insufficient stearic acid was
present to prevent fracture., The stress applied could no longer be accommodated by
plastic deformation, and fracture cracks developed. A further reduction in acid to
6><10’6 N resulted in a greater conceniration of the surface cracks (fig. 12(c)). In pure
hexadecane, the results shown in figure 12(d) were obtained. The hexadecane shows the
same type of cracks developing but of a larger size. Examination of these tracks in
cross section, that is, on the (100) plane, revealed (011) cracks subsurface.

It might be hypothesized that the decrease in acid concentration has nothing to do
with plasticity of the lithium fluoride but is related simply to adhesion of the lithium
fluoride to the aluminum oxide (sapphire ball). While this hypothesis might hold for
aluminum oxide in contact with metals because of oxygen-metal interaction (ref. 23),
chemical interaction of aluminum oxide with lithium fluoride is unlikely. An examina-
tion of the chemistry involved would seem to preclude any chemical interaction of these
two materials. Furthermore, even if surface adhesion were the case, it could not ac-
count for subsurface cracks observed to a depth of 0.20 millimeter along (011) slip
bands.

Many years ago it was shown that increasing the number of carbon atoms in an ali-
phatic acid reduced the friction coefficient of steels (ref. 24). Similar experiments
were conducted with lithium fluoride in this study, and the results obtained are presented
in figure 13. Again, as was observed with steels in reference 24, friction is influenced
by acid chain length. Herein, however, the effect is seen with an ionic solid where soap
formation may not be the explanation.

th. Pure hexadecane
P

S \\

E .2 \E} Caprylic

5 ™~
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0 4 8 12 16 20

Number of carbon atoms in acid

Figure 13. - Effect of number of carbon atoms in surface
active agent on coefficient of friction for Iithium
fluoride. Load, 100 grams; rider, 1.6-millimeter-
diameter sapphire ball; temperature, 20° C; sliding
velocity, 0.005 millimeter per second; acid concen-
tration, 6x1073 N,
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PARAFFINIC OIL AND ACID

In lubrication systems, active agents are most frequently present in an oil rather
than in hexadecane. Some sliding friction experiments were therefore conducted with a
paraffinic oil and with the oil containing oleic acid as the surface active agent. The data
obtained in the two media are presented in figure 14. With increases in load, an in-
crease in friction was observed. It is of interest to note that the friction coefficient is

-8 | L i 1
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Figure 14. - Effect of oleic acid in paraffinic oil on friction and
deformation of lithium fluoride. Rider, 1.6-millimeter-
diameter sapphire ball; temperature, 20° C; sliding velocity,
0.005 millimeter per second.

the same in the presence or absence of the surfactant. Oleic acid has a melting point of
19° C. With stearic acid in hexadecane (fig. 8), a marked decrease in friction was ob-
tained. Stearic acid has a melting point of 69° C. It has been established that, where
friction measurements are made above the melting point of organic acids in oils, the
organic acid is not better as a boundary lubricant than the pure paraffinic oil (ref. 25,
pp. 200-201). The friction experiments of both figures 8 and 14 were performed at
20° C.

The photographs of figure 15 indicate the marked difference in deformation behavior
in the presence and absence of the oleic acid. The wear tracks of three loads, 100, 150,
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(b) Generation of ductile wear particle,

Figure 16. - Wear tracks on lithium fluoride crystals indicating plasticity in wear
track under paraffinic oil with 5.63x10~3 oleic acid. Load, 100 grams; rider, 1.6-
millimeter-diameter sapphire ball; temperature, 20° C; sliding velocity, 0.005
millimeter per second; ball made a single pass.



and 200 grams, are shown in the presence and absence of the oleic acid. In the paraf-
finic oil at 100 and 150 grams, subsurface cracks were observed in the zone of maximum
subsurface stress. The crack length at 150 grams was larger than at 100 grams, which
is in agreement with the equations as discussed relative to the water experiments. With
an increase in stress, an increase in crack length is to be anticipated. In both experi-
ments, the presence of the acid increased plasticity with no evidence of crack formation.

At a load of 200 grams, with the crystal in the paraffinic oil, the cracks were no
longer subsurface but of surface origin. Furthermore, rather than showing crack for-
mation along the (001) plane, the cracks developed along the (011) planes. Close exami-
nation of the wear track subsurface in figure 16 revealed the presence of both (101) and
(011) slip bands as was observed in air (fig. 4).

An analytical study (ref. 26) considered the zone of maximum subsurface stress in
compression when there is also a tangential stress applied, such as that encountered in
rolling or sliding. As the tangential stress is increased, the zone or point of maximum
subsurface shear stress moves toward the surface. The zone of maximum shear stress
will occur at the surface when some friction coefficient is exceeded, according to the
analysis of reference 26. At 100 and 150 grams, as shown in figure 14, the maximum
stress is still subsurface. When the load reached 200 grams, the maximum stress was
on the surface. The coefficient of friction at this load was 0. 20, and at 150 grams load
it was 0. 18. The photomicrographs of figure 15 would indicate that between 0. 18 and
0. 20 the tangential force is sufficient for lithium fluoride to move the cracks from sub-
surface to surface origin.

The degree of plasticity of lithium fluoride observed in sliding friction experiments
is shown in figure 16. In figure 16(a) the wear track passed over a cleavage step. In-
terfez:_ence measurements of such steps indicate that they averaged about 1000 angstroms
(><10" m) in height. Plastic flow is evident in the figure by the projection of material
extending beyond the step line. In figure 16(b), examination of a double cleavage step
reveals the generation of what could, with repeated passes over the surface, become a
shearing fracture and the generation of a wear particle due to plastic flow of the lithium
fluoride. The particle forming in figure 16(b) was formed with a single pass of the sap-
phire rider over the surface.

SUMMARY OF RESULTS

Based on the results obtained with lithium fluoride crystals in sliding friction ex-
periments, the following summary remarks are made:

1. The presence of organic acids influences the plastic deformation and formation of
fracture cracks in lithium fluoride at light loads. In general, fracture does not occur as
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readily in the presence of organic acids, because of increased plasticity, as it does in
their absence.

2. Subsurface cleavage cracks develop in lithium fluoride in the region of maximum
subsurface stress and the site of interaction of {110} slip bands.

3. Surface cleavage cracks in lithium fluoride develop along the {110} slip planes.

4, With a paraffinic oil, increase in load results in an increase in friction coeffi-
cient, and with sliding, a movement of fracture cracks from subsurface to surface ori-
gin. This observation is in accord with shear stress theory which indicates that the
zone of maximum stress moves from subsurface to the surface with increases in surface
tangential stresses due to friction.

5. The concentration of organic acid in hexadecane influences friction, deformation,
and fracture behavior. In the experiments reported herein, concentrations of less than
6x10™3 N influenced friction coefficient.

6. As observed with metals by other investigators, the number of carbon atoms in
the organic acid influences friction. The greater the number of atoms the lower the
friction; this effect was examined at carbon chain lengths up to that for stearic acid.

7. When deformation occurs during sliding, subsurface slip is first observed along
the (101) slip bands.

Lewis Research Center,
National Aeronautics and Space Administration,
Cleveland, Ohio, April 24, 1968,
129-03-13-02-22.
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